Certain clinical features of schizophrenia, such as working memory disturbances, appear to emerge from altered gamma oscillatory activity in the prefrontal cortex (PFC). Given the essential role of GABA neurotransmission in both working memory and gamma oscillations, understanding the cellular substrate for their disturbances in schizophrenia requires evidence from in vivo neuroimaging studies, which provide a means to link markers of GABA neurotransmission to gamma oscillations and working memory, and from postmortem studies, which provide insight into GABA neurotransmission at molecular and cellular levels of resolution. Here, we review findings from both types of studies which converge on the notions that 1) inhibitory GABA signaling in the PFC, especially between parvalbumin positive GABAergic basket cells and excitatory pyramidal cells, is required for gamma oscillatory activity and working memory function; and 2) disturbances in this signaling contribute to altered gamma oscillations and working memory in schizophrenia. Because the PFC is only one node in a distributed cortical network that mediates working memory, we also review evidence of GABA abnormalities in other cortical regions in schizophrenia.
Introduction
Schizophrenia, a debilitating psychiatric illness affecting 0.5-1% of the global population, typically presents with a constellation of positive, negative, and cognitive symptoms (Lewis and Lieberman, 2000) . Although positive symptoms (hallucinations and delusions) are the most striking feature of the illness, cognitive disturbances are typically present before the onset of psychosis and are the best predictor of longterm functional outcome (Green, 1996; Kahn and Keefe, 2013) . The affected domains of cognition include working memory, executive function, learning and long-term memory, visual/auditory perception, and attention (Carter et al., 2008) . Among these, the deficits in working memory (i.e., the ability to transiently maintain and manipulate information for a limited period of time in order to guide thought or behavior) appear to be central to the cognitive impairments in the illness, serving as the substrate for impairments in other cognitive domains, such as visual orientation, memory for faces or objects, and executive function (Silver et al., 2003) . Together, these findings suggest that working memory deficits represent a core feature of schizophrenia.
Working memory function is associated with gamma frequency (30-80 Hz) oscillations in the prefrontal cortex (PFC). The power of PFC gamma oscillations normally increases in proportion to working memory load (Howard et al., 2003; Jensen et al., 2007) , but individuals with schizophrenia show lower gamma oscillatory power in response to working memory demands (Uhlhaas and Singer, 2010). Moreover, these deficits are similarly present in both subjects with chronic illness (Cho et al., 2006) and those in the first-episode of psychosis regardless of medication status (Minzenberg et al., 2010) , suggesting that working memory impairments and lower gamma power reflect the disease process of schizophrenia and are not the consequence of illness chronicity or antipsychotic medications.
Gamma oscillations reflect the synchronous firing of large groups of cortical pyramidal neurons (Gonzalez-Burgos and Lewis, 2008). The role of GABA neurons in the generation of gamma oscillations was suggested by findings that pharmacological stimulation of GABA neurons (Whittington et al., 1995) or inhibition of GABA neurotransmission by a GABA A receptor antagonist (Traub et al., 1996) produced or abolished, respectively, gamma oscillatory activity in vitro. Consistent with the idea that gamma oscillations are the neural substrate of working memory, local administration of the same GABA A receptor antagonist into the primate PFC impaired working memory performance (Sawaguchi et al., 1989) .
In the neocortex, pyramidal neurons and GABA neurons are thought to generate gamma oscillations via the pyramidal interneuron network gamma (PING) model. In this model, the asynchronous firing of pyramidal cells depolarizes GABA neurons which provide feedback https://doi.org/10.1016/j.nbd.2018.06.020 Received 3 January 2018; Received in revised form 31 May 2018; Accepted 20 June 2018
